In the present study, an extracellular protein from Serratia marcescens DT3, a novel strain isolated from soil samples in Vietnam, was purified, identified, and investigated for its potential antifungal activity against Rhizoctonia solani and Fusarium oxysporum. The optimal conditions for production of this protein, its thermal stability, and its proteolytic resistance to proteinase K were also examined.
Materials and methods

Microorganisms
The Rhizoctonia solani and Fusarium oxysporum strains were provided by the Plant Diseases Division of the Institute of Plant Protection, Tuliem, Hanoi, Vietnam.
Serratia marcescens DT3 was isolated from a soil sample in Vietnam and identified as Serratia sp. by partially sequencing of 16S rRNA (Quyen et al., 2004) . This strain of bacteria was supplied by the Department of Enzyme Biotechnology at the Institute of Biotechnology, Vietnam Academy of Science and Technology.
Serratia marcescens DT3 was grown in Luria-Bertani medium (LB) (pH 7.0), which comprised peptone (10 g/L), NaCl (10 g/L), and yeast extract (5 g/L).
Culture conditions optimization
Serratia marcescens DT3 was grown in a 100-mL flask with 30 mL of the LB medium at 28 °C with shaking (200 rpm) and an initial pH of 5.0 unless otherwise specified. To determine the optimal culture time, the extracellular extracts were taken from the culturing medium and antifungal tests were performed after 6 h, 10 h, 28 h, 48 h, and 72 h. To optimize the composition of the medium, different concentrations of carbon and nitrogen sources were employed. To find the optimal concentration of carbon source, different concentrations (0.1-1.0%) of yeast extracts were used. To screen for optimal concentration of nitrogen sources, the medium was supplemented in turn with different levels (0.5%-1.5%) of peptone. The optimal initial pH in flask cultures was selected by fermentation in culture media with three different pH levels (pH 5, 7, and 9) adjusted by the addition of either 1 N NaOH or 1 N HCl. All tests were conducted in triplicate.
Protein purification
The bacterial culture was centrifuged at 17,460 × g for 10 min. Ammonium sulfate (30%-70% saturation) was then slowly added to 200 mL of crude protein solution with constant stirring. The mixture was left overnight and then centrifuged at 12,500 rpm for 10 min. The supernatant was then carefully decanted and the precipitate was redissolved in 0.02 M phosphate buffer (pH 6.8) and dialyzed to remove the salt. The dialyzed fraction (6 mL) was applied to a DEAE-cellulose column (2.6 × 6 cm) preequilibrated with 0.02 M phosphate buffer (pH 6.8) at a flow rate of 25 mL/h until OD 280 nm was <0.01. The column was then eluted with 0.02 M phosphate buffer (pH 6.8) containing 1 M NaCl. Eluted fractions of 3 mL were collected (27 fractions). The antifungal activity of each purified fraction was tested against Rhizoctonia solani and Fusarium oxysporum. All purification steps were carried out at 4 °C unless otherwise specified.
Molecular weight determination and quantitative protein determination
The molecular weight (MW) of the purified antifungal protein isolated from Serratia marcescens DT3 was determined using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The sample was boiled in the presence of SDS and 2-mercaptoethanol and was separated in a 12.5% (w/v) gel according to the method of Laemmli (1970) .
Protein concentrations were estimated using the Bradford method, with BSA as the standard (Bradford, 1976) . 2.5. Protein characterization 2.5.1. Thermal stability The thermal stability of the antifungal protein was determined by incubating purified protein (20 µL) at 20 °C, 40 °C, 60 °C, and 80 °C for 30 min prior to the measurement of the antifungal activity.
Proteolytic resistance to proteinase K
The proteolytic resistance to proteinase K of the antifungal protein was determined by incubating purified protein (20 µL) with 0.4-5 µg/µL proteinase K at 37 °C for 60 min prior to the measurement of the antifungal activity.
Protein identification
The purified antifungal protein was identified by MALDI-TOF mass spectrometry. The predicted protein was trypsin-digested and peptides were extracted according to standard techniques (Bringans et al., 2008 ) . Peptides were analyzed by MALDI-TOF/TOF mass spectrometer using a 5800 Proteomics Analyzer (AB Sciex). Spectra were analyzed to identify the protein of interest using Mascot sequence matching software (Matrix Science) with the MSPnr100 Database.
Peptide fragments showing ion scores of >59 were identified as unique or highly similar (P < 0.01). 2.7. Antifungal activity 2.7.1. Antifungal activity of the extracellular extracts The extracellular extracts from Serratia marcescens DT3 were obtained by centrifuging the bacterial culture at 17,460 × g for 10 min. The antifungal activity of this extracellular extract was determined using the method of Huber et al. (1987) . Different amounts of extracellular extracts were added to potato dextrose agar (PDA) at 55 °C, mixed well, and poured into petri dishes (90 × 15 mm). The final concentration of the crude supernatant was 20%, 30%, and 50%. Finally, a mycelial plug (0.5 cm in diameter) from 4-day-old cultures of Rhizoctonia solani or Fusarium oxysporum was placed in the center of each PDA plate and incubated at 30 °C for 5 days. The PDA plates without extracellular extracts served as negative controls. The growth of Rhizoctonia solani and Fusarium oxysporum was determined by measuring colony diameter (in mm). The ability of extracellular extracts to inhibit fungal growth was calculated using the following formula: I (%) = (S control -S samples )/S control × 100, where S control is the area of the PDA plates not containing extracellular extracts occupied by colonies and S samples is the area of PDA plates containing extracellular extracts occupied by colonies. All the tests were conducted in triplicate.
Antifungal activity of the purified protein
The antifungal activity of the purified protein was determined using the agar-disk diffusion method. First, a mycelial plug from 4-day-old cultures of Rhizoctonia solani or Fusarium oxysporum was placed in the center of a PDA plate containing 0.1% ampicillin. Next, a sterile filter disk with a diameter of 0.5 cm (Whatman paper No. 3) soaked with 15 µL of purified protein was placed on the surface of the plate. Negative control disks were soaked in 0.02 M phosphate buffer (pH 6.8). These agar plates were then incubated at 30 °C for 3-5 days (Incubator, Sanyo, Japan) and the diameters of inhibition zones around the disks were measured. All the tests were conducted in triplicate.
Statistical analysis
All measurements were carried out in triplicate. The means were presented for averages of experiments.
Results and discussion
Antifungal activity of the extracellular extracts of S. marcescens DT3
Rhizoctonia solani and Fusarium oxysporum are two fungi that infect many important food crops in Vietnam such as rice, corn, and potatoes. In Vietnam, the agricultural output loss due to fungal diseases each year is significant. In order to find an effective and economical biocontrol agent against these two dangerous fungal pathogens, Serratia marcescens DT3, a novel strain isolated from soil samples in Vietnam, was cultured and examined for its antifungal activity.
Three different concentrations of extracellular extracts (20%, 30%, and 50%) of Serratia marcescens DT3 were tested for their antifungal activity against Rhizoctonia solani and Fusarium oxysporum using the method of Huber et al., (1987) . The results (Table 1) showed that the extracellular extracts of Serratia marcescens DT3 have significant antifungal activity on both fungal pathogens. The antifungal activity of the extracellular extracts of Serratia marcescens DT3 is proportional to concentration. At the concentration of 50% of extracellular extracts of Serratia marcescens DT3, the growth inhibition reached 81% and 71% for Rhizoctonia solani and Fusarium oxysporum, respectively. These results are slightly different than those reported in Turkey by Okay et al. In that report, the antifungal activity of chitinase produced from Serratia marcescens MO-1 against Fusarium oxysporum was significantly higher than that for Rhizoctonia solani (Okay et al., 2013) .
Culture condition optimization
To determine the optimal conditions for producing antifungal compounds from Serratia marcescens DT3, culture parameters such as culture time, concentrations of carbon and nitrogen, and initial pH were investigated. 3.2.1. Culture time Time course data for antifungal compound production by Serratia marcescens DT3 were obtained in LB medium at 28 °C with shaking (200 rpm) and an initial pH of 5.0. After 28 h of culture, the fungal growth inhibitory activity of Figure 1A ). Serratia marcescens B2 produced maximal prodigiosin after 72 h of culture (Someya et al., 2001) . Serratia sp. KCK, isolated from kimchi juice, produced maximal chitinase after 168 h of culture (Kim et al., 2007) . The collected data showed that different Serratia strains may need different culture times to produce maximal antifungal compounds.
Effect of initial pH
Three different initial pH levels (5, 7, and 9) were examined for their effects on antifungal compound production by Serratia marcescens DT3. As shown in Figure 1B , the optimal initial culture pH for antifungal compound production by Serratia marcescens DT3 was 7. With an initial pH of 7, the fungal growth inhibitory activity of extracellular extracts of Serratia marcescens DT3 reached maximal values of 83% and 67% for Rhizoctonia solani and Fusarium oxysporum, respectively. An initial culture pH lower or higher than 7 reduced antifungal compound production by Serratia marcescens DT3. These results suggested that antifungal compound production by Serratia marcescens DT3 was significantly affected by the initial pH in the medium. This conclusion was also reported in previous studies of other strains of Serratia sp. (Parani et al., 2011; Zarei et al., 2011) 
Effect of concentration of yeast extract
To examine the effect of the concentration of the carbon source on antifungal compound production by Serratia marcescens DT3, different concentrations (0.1%-1.0%) of yeast extracts were used. At 0.5% yeast extract, the fungal growth inhibitory activity of extracellular extracts of Serratia marcescens DT3 reached maximal values of 83% to 94% for R. solani and F. oxysporum, respectively ( Figure  2A ).
Effect of concentration of peptone
Different levels (0.5%-1.5%) of peptone were used to determine the effect of the concentration of the nitrogen source on antifungal compound production by Serratia marcescens DT3. As shown in Figure 2B , the maximal fungal growth inhibitory activity of extracellular extracts of Serratia marcescens DT3 (86%) occurred at 1.25% peptone.
Antifungal compound production under optimal conditions
To determine the effectiveness of the optimization, Serratia marcescens DT3 was grown in optimal medium containing 1.25% peptone and 0.5% yeast extract at 28 °C with initial pH of 7 for 28 h. The results (Figure 3) showed that the fungal growth inhibitory activity of extracellular extracts of Serratia marcescens DT3 were 93% and 86% for Rhizoctonia solani and Fusarium oxysporum, respectively. These results were 1.6 times and 2.9 times higher than those obtained before optimization (Figure 3 ).
Purification and identification of antifungal protein
The antifungal protein was purified from extracellular extracts of Serratia marcescens DT3 using a DEAEcellulose column as described above. The eluted protein was then examined by SDS-PAGE. As can be seen in Figure 4 , the eluted protein exhibited a single band on SDS-PAGE that was suggestive of the homogeneity of the purified antifungal protein. The molecular weight of the purified antifungal protein was estimated as 55 kDa according to the molecular weight markers on SDS-PAGE ( Figure 4 ). This result is further evidence of the diversity in antifungal protein production by different Serratia sp. strains. Purified antifungal proteins from different Serratia sp. strains have different molecular weights that range from 47 to 62 kDa (Roberts and Cabib, 1982; Frankowski et al., 2001; Kamens et al., 2003; Zarei et al., 2011; Babashpour et al., 2012; Fadhil et al., 2014) . The final yield of the purification procedure was 28% (Table 2) . We next examined the antifungal activity of the purified protein against Rhizoctonia solani and Fusarium oxysporum using the agar-disk diffusion method as described in Section 2.2.2. The results showed that the purified protein inhibited the growth of both pathogenic fungi; however, the inhibitory activity was slightly higher against Fusarium oxysporum than Rhizoctonia solani ( Figures 5A and 5B ).
The purified protein was then identified by MALDI-TOF mass spectrometry. The data showed that five of the peptide fragments derived from the purified protein corresponded to a serine 3-dehydrogenase found in WP-019452520.1 (Figures 6 and 7) . Serine 3-dehydrogenase from Serratia sp. (Accession Number: WP-019452520.1) has 487 amino acids containing a serralysin-like region from amino acid position 71 to 263 and a peptidase M10 region from amino acid position 264 to 487. This result matched with other reports that serralysin and related proteases play an important role in the protection of plants against pathogen infection. They are important virulence factors in pathogenic bacteria. They may be secreted into the medium via a mechanism found in gram-negative bacteria. Serralysin family members may each have a broad spectrum of substrates, including host immunoglobulins, complement proteins, and cell matrix and cytoskeletal proteins, as well as antimicrobial peptides (Marchler-Bauer et al., 2015) . 3.4. Characterization of purified antifungal protein 3.4.1. Thermal stability The effect of temperature on the purified antifungal protein was studied at different temperatures from 20 °C to 80 °C. The results showed that the antifungal protein retained activity when heated to 80 °C for 30 min (Figure 8 ). Our results coincided with some previous studies, such as that of Zarei et al. (2011) . These authors reported that the antifungal protein produced by Serratia marcescens B4A was shown to be heatstable. After heat treatment at 100 °C for 5 min, the inhibition of growth of Bipolaris sp. and Alternaria brassicicola was still exhibited (Zarei et al., 2011) .
The above-mentioned result of MALDI-TOF, which indicated that the purified protein TOF was serine 3-dehydrogenase (serralysin-like), may give us a logical explanation for this thermal stability. According to a recent report, serralysin isolated from Serratia sp. FS14 was found to be thermostable. In order to reveal the mechanism responsible for its thermostability, the crystal structure of serralysin from Serratia sp. FS14 was refined to a crystallographic R factor of 0.1619 at 1.10 Å resolution. The results showed that the shape of the catalytic active-site cavity is more open owing to the 189-198 loop, with a short 310-helix protruding further from the molecular surface, and that the β-sheets comprising the parallel β-roll are longer than those in its homologues. The formation of hydrogen bonds from one of the nonconserved residues (Asn200) to Lys27 may contribute to the thermostability (Wu et al., 2016) .
Proteolytic resistance to proteinase K
The proteolytic susceptibility of purified antifungal protein to the unspecific protease proteinase K was analyzed with different concentrations of this enzyme (0.4-5 µg/ µL) at 37 °C for 60 min. The results showed that after it had been treated with proteinase K the antifungal purified protein retained activity against both Rhizoctonia solani and Fusarium oxysporum (Figure 9 ). Our results coincided with some previous studies that reported that the antifungal compound was resistant to several proteolytic enzymes, including proteinase E, proteinase K, and chymotrypsin (Chitarra et al., 2003; Rattanachuay et al., 2010; Balouiri et al., 2015) . To explain this proteolytic resistance, several researchers proposed that the antifungal compounds were not proteinaceous (Chythanya et al., 2002; Balouiri et al., 2015) . However, the mechanism by which an antifungal protein resists proteolytic enzymes remain to be fully resolved.
In conclusion, we successfully optimized the production and purified, identified, and characterized a novel antifungal protein from our native Serratia marcescens DT3. The significant inhibitory activity of Serratia marcescens DT3 against Rhizoctonia solani and Fusarium oxysporum suggests its potential utility as an alternative to chemical pesticides for preventing fungal plant diseases.
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